We modelled the financial and environmental costs of two commonly used anaesthetic plastic drug trays. We proposed that, compared with single-use trays, reusable trays are less expensive, consume less water and produce less carbon dioxide, and that routinely adding cotton and paper increases financial and environmental costs. We used life cycle assessment to model the financial and environmental costs of reusable and single-use trays. From our life cycle assessment modelling, the reusable tray cost (Australian dollars) $0.23 (95% confidence interval [CI] $0.21 to $0.25) while the single-use tray alone cost $0.47 (price range of $0.42 to $0.52) and the single-use tray with cotton and gauze added was $0.90 (no price range in Melbourne). Production of CO 2 was 110 g CO 2 (95% CI 98 to 122 g CO 2 ) for the reusable tray, 126 g (95% CI 104 to 151 g) for single-use trays alone (mean difference of 16 g, 95% CI -8 to 40 g) and 204 g CO 2 (95% CI 166 to 268 g CO 2 ) for the single-use trays with cotton and paper. Water use was 3.1 l (95% CI 2.5 to 3.7 l) for the reusable tray, 10.4 l (95% CI 8.2 to 12.7 l) for the for the single-use tray with cotton and paper. Compared with reusable plastic trays, single-use trays alone cost twice as much, produced 15% more CO 2 and consumed three times the amount of water. Packaging cotton gauze and paper with single-use trays markedly increased the financial, energy and water costs. On both financial and environmental grounds it appears difficult to justify the use of single-use drug trays.
There is increasing interest in the environmental effects of healthcare [1] [2] [3] . These effects are responsible for approximately 3% of all carbon dioxide (CO 2 ) emissions in the UK 4 . Consumption of pharmaceuticals and devices contributes more to healthcare CO 2 emissions than energy consumption and transport combined 4 . Medical disposables (single-use items) however, have increasingly replaced reusables, due mainly to lower perceived costs and infectious risks. The decision to purchase a medical product is often based upon personal opinion or anecdotal information, not considering environmental impacts 5 . Although recycling medical waste has been examined 1,6-11 reusing medical items has received less attention.
An environmental life cycle assessment (LCA) models the financial and environmental costs of a product over its whole life cycle: manufacture, use and disposal 12 . An early LCA was undertaken in 1969 by the CocaCola Company comparing glass and plastic bottles 13 . In 1991, the Society for Environmental Toxicology and Chemistry defined the components of an LCA of an item to be analysed: 1) raw material acquisition, 2) processing and manufacturing, 3) distribution and transportation, 4) use, reuse and maintenance, 5) recycling and 6) waste management 14 . This is often called the 'cradleto-grave approach'. In the late 1990s, performing LCAs was standardised when the International Organization for Standardization released the ISO 14040 series on LCAs 15 .
There are few published LCA models of medical items 5, [16] [17] [18] [19] . Those that have been published, examining surgical items including plastic suction receptacles, disposable laparotomy pads and laparoscopic instruments, have found that disposable items have had greater financial and/or environmental costs 5, [16] [17] [18] [19] . Reusable and single-use anaesthetic drug trays are commonly used in operating theatres. The single-use plastic trays are often accompanied by cotton gauze and a paper towel. Anecdotally it is assumed that reusable trays cost more but may use less water and produce less CO 2 than disposables. We undertook an LCA of anaesthesia drug trays to test three hypotheses: 1) single-use trays are more expensive than reusable trays, 2) the life cycle of reusable trays produces less CO 2 and consumes less water than single-use trays, and 3) adding two cotton gauzes and a paper towel increases the financial and environmental costs.
MATERIALS AND METHODS
This study was performed at the Western Hospital, a 320-bed, six-operating room, university-affiliated hospital in Melbourne, Victoria. The Hospital Human Research Ethics Committee approved this study on the understanding that we would not covertly observe sterile supply staff processing reusable trays. We performed this LCA modelling with SimaPro software (Pre Consultants, The Netherlands).
An LCA has inputs (such as the CO 2 emissions for electricity from brown coal) which are combined to form a process (such as the CO 2 emissions for making plastic trays). Every input has a degree of uncertainty associated with it which is expressed as a lognormal probability distribution and is derived from a qualitative scoring system. This scoring system is derived from the data's reliability, completeness and temporal and geographical proximity (the Pedigree Matrix) 20, 21 . A final 95% confidence interval (CI) for a process is achieved based on the random sampling anywhere within the 95% CIs for all inputs (Monte Carlo analysis) 20, 21 . A Monte Carlo analysis includes at least 1000 'runs' of random samples to reduce the chance of unusual results; that is, taking input data from the extremes of the 95% confidence intervals.
An LCA uses different types of data for modelling. Some data are directly collected. Most LCA data however, are not directly measured but obtained from life cycle inventories calculated as a weighted average from a number of production sites. One example is the average amount of CO 2 emitted per kWh of electricity produced from coal burning power stations. Average industry data are often used in LCA modelling because collecting all such data would make most LCAs unviable. Average industry data however, have greater associated uncertainty (greater CIs) than directly measured data. Other data are collected from international databases. Where local data were not available we used an internationally recognised LCA database (Ecoinvent v2.1, Swiss Centre for Life Cycle Inventories, Zurich, Switzerland) 22 using transparent methodologies 23 . We used these data in accordance with The International Standardization Organization standards for LCAs 15 .
In this LCA, we compared a standard Chinesemade, single-use polyurethane drug tray with and without cotton and paper accompaniments, with an Australian-made reusable nylon tray. We reported financial costs in Australian dollars and for the single-use trays (with and without paper and gauze) using December 2009 prices in Melbourne. For the reusable tray we included the labour, energy (electricity use by the washer and gas heated hot water), detergent and water costs and gave a 95% CI of this cost determined by the Pedigree Matrix (see above), taking account of the variabilities such as the small number of estimations of labour cost, location and timing of data sources.
Two senior sterile supply staff, with experience in processing the reusable anaesthesia trays, estimated the time taken for processing by considering the time taken for decontamination, washing, drying, stacking and returning the trays. We did not assume perfect use of labour. While the trays were in the washer and dryer (about 55 minutes) staff were otherwise occupied. Hospital policy was to not manually decontaminate such items as plastic drug trays prior to placing them in the washer if the trays were not obviously soiled. We did not include the time taken by anaesthetic assistants to transport the trays to the sterile supply department, the time taken by staff to distribute the single-use trays to a central location, nor the time taken to restock the anaesthetic theatre trolleys because we thought that these additional times and costs were unimportant. A hospital accountant calculated the average entire costs per hour to employ all of the sterile supply department staff for the financial year 2008 to 2009, including all on-costs such as sick leave and superannuation.
We calculated the maintenance, but not acquisition, costs of the G7827 Miele washer (Miele and Cie, Gutersloh, Germany) which can be apportioned to reprocessing trays. Acquisition and infrastructure costs of machines or items that are already in place are routinely not included in LCAs. The environmental effects of greatest interest were CO 2 production in grams (g) and water use in litres (l). The CO 2 emissions were calculated to include CO 2 , nitrous oxide (N 2 O) and methane (CH 4 ) emissions: CO 2 equivalents 24 .
The processes included in the study (System Boundary, Figure 1 ) included raw material extraction, manufacture, packaging, transport, use (including washing and drying) and disposal for both the reusable and single-use drug trays. We also separately modelled the effects of two cotton gauzes and a single paper towel that are included in most single-use drug trays. The reusable tray's average lifespan was conservatively determined by the head of the sterile supply department to be 300 washes. Approximately 80 reusable trays can be washed per load in a Miele washer, although in practice these trays are usually loaded into the washer with other items. Anaesthetic drug trays were thermally disinfected (washed at over 80°C for 10 minutes), but were not required to be sterilised nor packaged after washing 25 . All tray items were weighed with an electronic balance, accurate to within 0.5 g (Satrue KA-1000). Where possible we obtained direct data for each process including manufacturing data for the trays. The gas energy use of the washer was determined by the volume of hot water and the inlet temperature (70°C). We measured the electricity use of the washer and dryer, logged every second with an ampage/power clamp (correct +/-0.2%, Model 3169-21 "Hitester", Hioki, Japan) for 24 continuous hours on an average weekday. The water consumption of the washer was taken from the manufacturer's specifications. As is routine for modelling 21 , where we were unable to obtain first order data for a process, we used the most conservative (lowest) estimate for CO 2 and water use. We directly estimated all financial costs and the energy and water consumption of the washer and dryer for reusable plastic trays. We used external industry data for all environmental costs for the single-use tray, and all other environmental data except energy and water consumption of the washer and dryer for the reusable trays.
RESULTS
The estimated financial costs (Table 1) for one reusable tray in Australian dollars was $0.23 (95% CI $0.21 to $0.25) while the actual cost of one single-use tray was $0.47 (price range $0.42 to $0.52) and the single-use tray with two cotton gauzes and a paper towel cost $0.90 (standard price found to be without variation within Melbourne and several country Victorian hospitals). The reusable tray produced 110 g of CO 2 (95% CI 98 to 122 g CO 2 ), the singleuse tray alone produced 126 g CO 2 (95% CI 104 to 151 g) with a mean difference of 16 g CO 2 (95% CI -8 to 40 g CO 2 ). The single-use tray with cotton and paper produced 204 g CO 2 (95% CI 166 to 268 g CO 2 ) (Table 2 and Figure 2 ). Water use was 3.1 l (95% CI 2.5 to 3.7 l) for reusable trays, 10.4 l (95% CI 8.2 to 12.7 l) for single-use trays and 26.7 l (95% CI 20.5 to 35.4 l) for single-use trays with cotton and paper (Table 2 and Figure 2 ). The 95% CIs are smaller for life cycles containing predominately directly examined processes (such as the energy consumption of the tray washer directly measured with an amperage clamp) compared to a life cycle containing a higher number of processes from databases and natural processes (such as the amount of water used to grow cotton) due to the greater variability of the latter.
Senior sterile supply department staff estimated that it took 25 minutes of labour time to process 80 trays. Plastic drug trays require little time to sort or stack as they are simple items which do not require sterilisation or packaging. For a set of 80 (Table 1) . No important differences between the reusable and single-use trays were noted in the amounts of other outputs beyond CO 2 production and water use. For the reusable tray approximately 97% of the data were from Australia. However, it was not possible to obtain source (Chinese) data from the manufacturer for the single-use tray and entirely European data was used. The majority of the financial cost of the reusable tray was labour ( Table  1 ) such as moving the trays between the washer and the dryer, since the purchase cost was relatively minor as the trays were assumed to be used at least 300 times before discard.
DISCUSSION
Using life cycle assessment, we modelled the financial and environmental costs of two commonly used anaesthesia drug trays. We compared reusable trays with single-use (disposable) trays, both alone and with the usual single-use presentation with added cotton gauze and paper. Consistent with our hypotheses we found that single-use trays cost twice as much and had three times the water consumption of the reusable trays. We found, however, that CO 2 production was only a non-significant 15% greater for the single-use trays alone. When we modelled the single-use trays with added cotton and paper, the cost, CO 2 production and water use all increased notably, consistent with our third hypothesis.
There are few studies published using LCA models for medical items 5, [16] [17] [18] [19] . Ison et al compared reusable and disposable operating theatre plastic suction receptacles and found that disposable receptacles had greater environmental and financial costs 5 . Similar modelling comparing reusable to disposable laparotomy pads found that the reusables used 40% of the energy and 20% of the water 16 while reusable surgical drapes consume less energy and water than disposables 17 . Two LCAs of laparoscopic instruments found that reusables cost approximately 10% that of disposables, even when accounting for labour for washing, sterilising and packaging 18, 19 .
This study has several limitations. Like most LCA models, most data were average industry data and not measured directly. The databases we used, however, have strong national and international reputations. We directly measured washer and dryer electricity consumption for a 24-hour, routine weekday. The reusable tray was assumed to be used 300 times, a conservative estimate made by experienced theatre staff on the basis of logged requisitioning of trays. Data were unavailable from FiguRe 2: CO 2 production and water use column graphs with 95% confidence intervals (bars) of the CO 2 production and water use for the reusable trays, single-use trays alone and two cotton gauzes with one paper towel. tray manufacturers, therefore data of average manufacturing effects using Australian (for the reusable tray) and European (for the Chinese-made, single-use tray and added cotton and paper) database were used. It is likely that the CO 2 production of the single-use tray is under-estimated as the Chinese energy mix, like Australia, is more heavily reliant on coal than Europe. We also modelled the common types of plastics used for drug trays in Australia (data not included but available from the corresponding author) but no important differences in costs were found, suggesting that our results could be generalised to other types of plastic drug trays used by other medical proceduralists. Recycling of the single-use plastic tray was not examined as, to our knowledge, this occurs rarely in Australia. The environmental effects of transporting the singleuse tray from China to Australia are relatively unimportant (2% of total CO 2 emissions), indicating that local production of single-use trays does not lead to important decreases in the environmental effects.
This study also has strengths. Where possible, hospital data were collected, including energy use measured every second for the washer and dryer. We did not measure the time spent by staff washing trays as it was deemed inappropriate if performed surreptitiously and a potential source of bias if arranged obviously (it could encourage more rapid or slower work). Despite these limitations, two senior sterile supply staff who wash the trays did carefully consider the processing time. Due to the importance of labour costs, the uncertainty of the processing time is the main reason for the spread of the 95% CI for the cost of the reusable tray. Similar to the 25 minutes staff spent preparing reusable trays in our study, Adler et al measured the time staff took to process reusable laparoscopic instruments prior to commencing sterilisation, finding an average of 28 minutes 18 .
In Australia, the presentation of most single-use anaesthetic drug trays includes cotton gauze and paper. The frequency of use of these accompaniments, however, will vary considerably. In our modelling and others, cotton gauze in particular increases cost, energy use and water requirements 26 . Cotton growing is highly water consumptive and requires intensive agricultural practices, while producing cotton yarn is notably energy intensive. Even allowing for the added cost of two non-sterile cotton gauzes and a paper towel (about $0.15) with the reusable tray for every operation, the energy, water and financial savings remain significant. Alternatively, one could recommend a single-use tray without cotton gauze or paper, though significantly more water in particular is used and the financial cost remains double that of a reusable tray. The price given for the single-use tray alone varies by up to 10 cents across Melbourne, but for the single-use tray with cotton and paper we could find no variation across Melbourne and several country Victorian hospitals (source: several hospital supply departments), suggesting that this product was bought in bulk and preferred by the majority of anaesthetists.
Due to infection control concerns there may be a preference for single-use drug trays. Under Australian guidelines 25 , drug trays require thermal disinfection (hot water washing), but not sterilisation. Reusable trays are not sterile, yet nor are single-use trays once opened. To maintain sterility, both the anaesthetist and the tray must not contact non-sterile items, which is impractical. An argument could be made for not using a tray at all, but rather, using a clean paper drape. However, in our anecdotal experience most anaesthetists prefer to use some form of drug tray.
In the setting of climate change, doctors are being asked to undertake 'carbon reduction strategies' 1 . A 'carbon constrained' environment will herald increased attention to the life cycle of all manufactured goods. Despite these concerns, there has been a steady replacement of reusable with single-use medical items. Our findings would not support such a change for anaesthesia trays. The annual savings for a six-operating-theatre hospital converting from single-use to reusable plastic trays would be at least $2500 and 70,000 litres of water, but only marginal savings in CO 2 emissions. This study was performed however, in Victoria, where CO 2intensive brown coal is the main source of electricity generation for the washer of the reusable tray. If the study was to be performed in a hospital with gas cogeneration of heat and electricity (such as several in Melbourne) the CO 2 emissions for the reusable tray would be greater than 50% less.
Converting from single-use trays with cotton and gauze included, to reusable trays with cotton and paper used as required would save another $4000, 100,000 litres of water and 600 kg CO 2 (equivalent to driving an average car 3500 km) 27 if the cotton and paper were required in half the cases. During this study the price of the single-use tray with cotton and paper increased by 30% across Melbourne, while the reusable and single-use tray costs were unaltered. For the reusable tray, such pricing uncertainties are unlikely as labour forms the majority of the cost and this is unlikely to alter rapidly. Similar plastic trays are used by many medical and nursing proceduralists in hospital and non-hospital settings. Savings may be possible by substituting other single-use medical items with reusable medical items. We suggest careful, systematic review of the use of disposable medical items with greater scientific and financial vigour. We conclude from our modelling that the financial and environmental savings of a hospital converting to reusable trays are important, and that it seems difficult to justify persisting with single-use drug trays, particularly with added cotton gauze.
